In two recent papers ͓J. Acoust. Soc. Am. 97, 3191-3193 ͑1995͒ and 98, 1057-1064 ͑1995͔͒, Zhu and Wu presented an analytical technique to assess the effect of viscous fluid loading on the propagation properties of Rayleigh and Lamb waves in fluid-loaded solids. They modeled the viscous fluid as a hypothetical isotropic solid having rigidity c 55 ϭϪi, where denotes the viscosity of the fluid and is the angular frequency. In this way, the vorticity mode associated with the viscosity of the fluid is formally described as the shear-mode in the fictitious solid. In this paper this technique is further developed by removing certain inconsistencies that unnecessarily reduce the accuracy and the range of validity of Zhu and Wu's results. By properly accounting for viscous effects on the bulk compressional wave in the fluid and applying a rigorous treatment of the field equations and boundary conditions, the exact dispersion equations that are not limited to low frequencies and viscosities are derived. Examples of these results are presented to illustrate the effect of fluid viscosity on the lowest-order symmetric and antisymmetric Lamb modes. One interesting feature revealed by these calculations is the presence of a sharp minimum in the viscosity induced attenuation of the lowest-order symmetric mode of thin plates either immersed in or coated with a viscous fluid. This minimum occurs at a particular frequency where the otherwise elliptical polarization of the surface vibration becomes linearly polarized in the normal direction.
INTRODUCTION
The study of the interaction of elastic waves with fluidloaded solids has been recognized as a viable means for nondestructive evaluation of solid structures. The reflected acoustic field from a fluid-solid interface has a wealth of information which, if exploited, reveals details of many characteristics of the solid. These include its properties, the possible existence of internal defects, and also the quality of the interface, to name a few. Specifically, the reflected field of a finite width incident acoustic beam shows unusual behavior in that it is nonspecular, it displaces ͑shifts͒ along the interface, and contains a trailing edge that attenuates away from the center of reflection. This behavior is widely known as the leaky wave phenomenon. These unusual effects are exaggerated at angles associated with the poles of the reflection and transmission coefficients and also, to a lesser extent, at the branch points of the partial waves. These poles also correspond to the zeros of the characteristic equations for the propagation of free waves along the interfaces.
Theoretical and experimental verifications of these phenomena have been conducted for a wide variety of solids extending from the simple isotropic semi-space to the much more complicated systems of multilayered anisotropic media. A review of the available literature on this subject can be found in a recent book. 1 Most of the published literature dealt with ideal fluids and hence did not account for the possible excess attenuation of leaky waves due to viscous fluid loading. Recently, Qi studied the influence of viscous fluid loading on the propagation of leaky Rayleigh wave in the presence of heat conduction effects.
2 Subsequently, Wu and Zhu 3 introduced an alternative approach to the treatment of Qi when heat conduction is neglected, they presented solutions for the dispersion relations of leaky Rayleigh waves. More recently, Zhu and Wu 4 adopted the same method for Lamb waves in submerged and fluid-coated plates.
In a recent paper, 5 we studied the propagation of longitudinal waves in a multilayered transversely isotropic coaxial fiber system totally immersed in a nonviscous fluid. In a subsequent paper, 6 we proceeded to investigate the excess attenuation due to viscous fluid loading. As in the case of Wu and Zhu, we accounted for the fluid viscosity by modeling the fluid as a hypothetical solid having shear rigidity c 55 ϭϪi. In this way, the vorticity mode associated with the fluid viscosity is formally described as the shear mode in the hypothetical solid. Recognizing that, for high frequencies, the guided modes in cylindrical fibers asymptotically approach the Rayleigh mode of a flat surface, we attempted to compare our numerical results with those of Wu and Zhu; we found a discrepancy.
In this paper, we derive exact characteristic equations for leaky waves propagating along interfaces of several systems involving isotropic solids loaded with viscous fluids. These include semi-spaces and finite-thickness plates totally immersed in fluids or coated on one or on both sides by finite-thickness fluid layers. The validity of our solutions depends on the appropriateness of the suggested model for fluid viscosity. However, within the limits of this model, our results are general and exact for arbitrary values of viscosity and frequency. These results will be compared with those of Refs. 3 and 4.
I. ANALYSIS
Since we are proceeding under the premise that we can model viscous fluids as hypothetical isotropic solids, to facilitate our subsequent analysis and discussions, we shall first review the relevant field equations pertaining to isotropic solids and then proceed to develop their formal solutions. In this way, formal solutions for viscous fluids can be easily constructed by identification of exchangeable parameters.
A. Field equations
To this end, the two-dimensional motion ͑in the x-z plane͒ of an isotropic solid is described by the momentum equations
and the associated constitutive relations 
͑9͒
Using the stress-strain relation ͑3͒-͑5͒ yields the following expressions for the stress components in terms of the potentials:
͑11͒

B. Formal solutions
For harmonic waves propagating along the x direction, the potentials admit the formal solutions 
C. Modeling of viscous fluids
In order to differentiate between properties belonging to the fluid and to the solid, we mark the properties of the fluid by a prime. In modeling the viscous fluid as a hypothetical solid whose shear rigidity equals Ϫi, we essentially set 
We should however emphasize that, regardless of the specific choice of the viscosity model, as long as the fluid is isotropic, all of the formal solutions obtained above can be also used in their entirety for the fictitious solid modeling the viscous fluid. However, their numerical results can slightly vary depending upon the specific model of viscosity chosen.
II. DISPERSION EQUATIONS
In the following section we shall apply the above formal solutions to the study of specific situations in which the fluid is viscous. These include the derivation of the characteristic dispersion relations for leaky Rayleigh and leaky Lamb waves propagating on fully immersed solid half-spaces and plates, respectively, as well as for nonleaky Lamb waves propagating in a solid plate coated on one or on both sides by finite-thickness viscous fluid layers.
A. Leaky Rayleigh waves
Consider the situation illustrated schematically in Fig. 1 . It consists of two semi-spaces; the upper one is a viscous fluid and the lower one is a solid. Since the solid extends in the positive z direction, its partial waves are represented by the two components shown on the sketch and are consistent with the formal solutions given in Eqs. ͑15͒ and ͑16͒. According to this partial wave identification criterion, in contrast, the two partial waves representing the fluid are then those shown on the same sketch subject to the definitions
͑28͒
It is a trivial matter then to write explicit expressions for the displacement and stress components of the fluid in terms of these partial waves. This can be done by applying Eqs. ͑19͒-͑22͒ subject to identifying ␥ 1 with Ϫq and ␥ 2 with Ϫs and introducing the two fluid wave amplitudes C and D. By applying the required interface conditions that the stress and displacement components be continuous across the interface and subsequently requiring nontrivial values for the partial wave amplitudes A, B, C, and D, we arrive at the full characteristic dispersion relation
͑29͒
where r ϭ c 55 Ј /c 55 ϭ Ј/ ϭ Ϫi/.
This equation can now be compared with Eq. ͑8͒ of Ref. 3 as h→ϱ. Close examination reveals that the results of Wu and Zhu are consistent with our exact solution only for very low viscosity and frequency. This can also explain the unusual choice of their formal solutions in Eq. ͑7͒. In particular, their choice of the formal solution of l does not satisfy their potential Eq. ͑6͒. Also, their choice of the solution for l suggests that the potential itself vanishes at the free surface zϭh rather than the vanishing of both the normal and shear stress components. However, it seems that all of these discrepancies can be attributed to the low viscosity assumption, although the authors nowhere made clear this was what they were investigating.
B. Leaky Lamb waves
Next we consider an isotropic solid plate completely immersed in a viscous fluid. The situation is illustrated schematically in Fig. 2 . The plate thickness is 2d and thus the lower and upper portions of the fluid extend from zϭd to ϱ and from zϭϪd to Ϫϱ, respectively. Also shown in this figure are the partial waves in both the plate and the fluid. The appropriate formal solutions for the plate are those given by Eqs. ͑23͒-͑26͒. For the upper fluid, the required formal solutions are those used earlier while investigating the Rayleigh problem, with the exception of replacing z with zϪd. Due to the symmetry of the loading, we do not need to list formal solutions for the lower portion of the fluid.
Having identified the formal solutions in both the plate and the fluid, we now proceed to treat symmetric and antisymmetric motions of the system separately. For symmetric motion, the displacement and stress components w and xz must vanish at the center of the plate. From these conditions, A 2 and B 1 vanish. If this is followed by satisfying the interface conditions at zϭϪd we finally obtain the dispersion characteristic equation as
For the antisymmetric motion, the displacement and stress components u and z vanish at the center of the plate. These require the vanishing of the wave amplitudes A 1 and B 2 . By inspection, we see that the characteristic equation for this case can be obtained by replacing cosh qd and cosh sd with sinh qd and sinh sd, respectively, resulting in
C. Layered systems
We now proceed to derive characteristic dispersion relations for layered systems; these consist of a solid core layer coated on one or on both sides by viscous fluid layers of finite thicknesses. These define bilayered and trilayered systems, respectively. The derivation procedure of their dispersion relations proceeds as follows: In accordance with Eqs. ͑23͒-͑26͒, formal solutions in each layer consist of the superposition of four partial waves written in terms of four unknown potential wave amplitudes. The characteristic dispersion relation results from satisfying the appropriate interface and boundary conditions. These include the continuity of the displacement and stress components at the interfaces and the vanishing of the stresses at the outer boundaries. For the bilayered system, this will be in the form of the vanishing of an 8ϫ8 determinant relation. Then it follows that the vanishing of a 12ϫ12 determinant relation is required for the trilayered system. The resulting expressions, although tractable, nevertheless may be less attractive for numerical illustrations.
As an alternative, we use the elegant matrix transfer method, originally introduced by Thomson 7 and since then widely used in many applications ͑see the recent review of its application in Ref. 1͒. According to this method, the four wave amplitudes of each layer are first eliminated by specializing the formal solutions to its two outer faces. As a consequence, the field variables on one side of the layer are written in terms of those at the other side via a 4ϫ4 local transfer matrix. A 4ϫ4 global transfer matrix for the total system of layers is then constructed by extending the solution from one layer to the next while satisfying the appropriate interfacial continuity conditions. In so doing, we ultimately can construct the characteristic dispersion relation for any number of layers in terms of the vanishing 2ϫ2 determinant equation.
To facilitate our discussion, we consider the geometrical arrangement of Fig. 3 as a typical 
at the interface between layers k and k ϩ 1.
To facilitate the subsequent analysis, Eq. ͑32͒ is rewritten in the compact matrix form
where P k is the column matrix of the displacement and stress components, X k is the 4ϫ4 matrix in Eq. ͑32͒, D k is the 4ϫ4 diagonal matrix and U k is the column matrix of the amplitudes A, Ā, B, and B. Specializing Eq. ͑34͒ to z k ϭ0 and z k ϭt k , noting that D k Ϫ ϭI, and that X k and U k are independent of z, we get
By eliminating the common column amplitude U k we write
where
defining matrix A k as the local transfer matrix. Invoking the continuity conditions ͑33͒ across each of the interfaces, we relate the displacement and stress components at one surface of the total system to the other via the global transfer matrix relation 
The dispersion relation is obtained from Eq. ͑41͒ by requiring the vanishing of the stress components z and xz on both faces, leading to
For the two-layer system ͑namely, the case of solid plate coated on one side only͒ we have
Coordinate system for the nonleaky Lamb wave propagation in a fluid-coated plate.
and thus identify A with A 1 A 2 . Similarly, for the three-layer system
and A is now identified as A 1 A 2 A 3 . For either of these two systems, since layer 2 defines the solid, we recognize that X 2 is the 4ϫ4 matrix in Eq. ͑32͒ with
͑45͒
For the fluid, we have 
͑47͒
For the present trilayered model, the characteristic Eq. ͑42͒ contains results pertaining to both symmetric and antisymmetric modes. We can however identify the conditions which allow us to derive the dispersion relations for symmetric and antisymmetric modes separately. These correspond to the vanishing at the center of the plate of w and xz for the symmetric modes and of u and z for the antisymmetric ones. This suggests constructing the global transfer matrix for half of the system which consists of layer 1 and half of layer 2 in accordance with 
D. Low-frequency approximation
Our analytical model allows us to numerically determine the frequency-dependent velocity and attenuation of Lamb waves propagating in plates either immersed in or coated with a viscous fluid. In spite of all the advantages of numerically determined but otherwise ''exact'' solutions, wave propagation phenomena can be often better understood from simpler approximations that capture the dominating physical mechanism in a given region. In order to gain better insight into the viscosity induced attenuation phenomenon, we shall shortly consider the lowest-order symmetric mode at low frequencies. Separate asymptotic approximations can be obtained for infinitely thick ͑immersed͒ and very thin fluid coatings. It should be mentioned that at high frequencies, both symmetric and antisymmetric fundamental modes asymptotically approach the leaky Rayleigh mode discussed elsewhere. 6 First, let us consider the lowest-order symmetric mode in an immersed plate. In the low-frequency approximation, the vibration amplitude produced by the fundamental symmetric mode is constant throughout the cross section of the plate. Physically, this mode is analogous to the lowest-order axi-symmetric mode in a thin rod, which can be exploited to calculate the viscosity-induced attenuation of a thin plate from that of a thin rod. For an immersed rod, the viscosityinduced attenuation is
Here, a is the radius of the rod, is the angular frequency, and f denote the viscosity and density of the fluid, respectively, and E and denote Young's modulus and the density in the solid, respectively. For rods coated with a thin fluid layer, the viscosity induced attenuation is
where h denotes the thickness of the coating. There are only two significant differences between the lowest-order symmetric modes in a thin plate and rod. First, the effective stiffness Eϭc 11 Ϫ(c 11 Ϫ2c 55 ) 2 /(c 11 Ϫc 55 ) of a rod is somewhat lower than the effective stiffness E p ϭc 11 Ϫ(c 11 Ϫ2c 55 ) 2 /c 11 of a plate that exhibits Poisson's effect only in one of the lateral dimensions. Second, the crucial ratio between the cross-sectional area and the circumference in contact with the viscous fluid is a/2 ͑i.e., half the radius͒ for rods and d ͑i.e., half the thickness͒ for plates. Due to these differences, the corresponding equations for thin plates can be directly obtained from the above equations by E p →E and 2d→a substitutions. For immersed plates, the low-frequency asymptote of the viscosity-induced attenuation is
Similarly, for a coated plate, the low-frequency asymptote of the viscosity-induced attenuation is
III. NUMERICAL RESULTS
In the following, we present numerical examples to illustrate the effect of fluid viscosity on the lowest-order symmetric and antisymmetric Lamb modes only, but similar results can be easily obtained by our analytical technique for any of the higher-order modes. The material parameters used in these calculations are c 11 ϭ4.258ϫ10 11 N/m 2 , c 55 ϭ1.675ϫ10 11 N/m 2 , and ϭ3.1ϫ10 3 kg/m 3 for silicon carbide and f ϭ2.25ϫ10 9 N/m 2 and f ϭ10 3 kg/m 3 for water. In order to demonstrate important but otherwise rather weak effects, we assumed that the viscosity of the fictitious fluid referred to as ''viscous'' water changes over four orders of magnitude between 10 1 and 10 Ϫ3 kg/ms ͑the viscosity of ordinary distilled water is ϭ10
Ϫ3 kg/ms at room temperature͒.
The effect of viscosity on the phase velocity of the Lamb modes is usually negligible with respect to the effect on attenuation. Therefore, in the following examples we show only the attenuation effect which can be interpreted in two different ways depending on the physical nature of the system. In the case of plates coated with a finite-thickness fluid layer the Lamb modes are not leaky and viscosity is the sole source of attenuation. The viscosity-induced attenuation then can be directly evaluated from the imaginary part of the complex wave number calculated from the dispersion equation at different frequencies. In contrast, in the case of plates immersed in an infinite fluid bath, the Lamb modes become leaky and the attenuation caused by fluid loading is due to the combined effects of radiation loss due to energy leakage into the fluid and dissipative loss due to viscous friction at the interfaces. Since we cannot separately calculate the viscosity-induced part of the attenuation, we shall define it as the difference between the respective attenuation coefficients caused by immersion in otherwise identical viscous and viscosity-free fluids. However, physically, the leaky and viscous attenuation contributions cannot be simply added together to obtain the total attenuation as strong viscosity can significantly affect the phase velocity and vibration distribution of a certain mode thereby slightly changing the radiation loss itself. In some cases, the resulting relatively small drop in the very strong radiation loss can overshadow the viscous dissipation and the total attenuation is actually lower for the viscous fluid than for the viscosity-free one. In these rare cases, the relative attenuation caused by viscosity is negative, which was earlier noticed by Qi.
2 In order to distinguish between the real viscosity-induced attenuation of fluidcoated plates from the somewhat artificially defined relative attenuation of immersed plates, in the latter case we shall use the ''viscosity-induced'' term with quotation marks.
As the first example, Fig. 4 shows the normalized ''viscosity-induced'' attenuation (␣ / 1/2 ) as a function of frequency for the lowest-order symmetric mode in a 1-mmthick immersed SiC plate. In order to bring out the universal low-frequency asymptotic behavior of the attenuation curves ͓see Eq. ͑55͔͒, the attenuation was normalized to the square root of viscosity. Up to about 2 MHz, the ''viscosityinduced'' attenuation is proportional to the square root of frequency; then it starts to decrease and goes through a sharp minimum at around 5.2 MHz. The position of this minimum is essentially independent of viscosity and depends only on the properties of the solid plate.
Similar behavior can be observed in the viscosityinduced attenuation of the same mode in fluid-coated plates. Figure 5 shows the frequency dependence of the viscosityinduced attenuation for the lowest-order symmetric mode in a 1-mm-thick SiC plate coated with fluid layers of different thicknesses between 3 m and 20 m for a given viscosity of ϭ0.1 kg/ms. An interesting change can be observed at very low frequencies as the coating thickness decreases. At f ϭ2 MHz, the viscous skin depth in the fluid ␦ ϭ ͱ2/ f Ϸ8 m is considerably less than the depth of the thickest coating ͑hϭ20 m͒, but larger than that of the thinnest one ͑hϭ3 m͒. As a result, the frequency dependence below 2 MHz smoothly changes from the square-root behavior ͓Eq. ͑55͔͒ of immersed plates to the square behavior ͓Eq. ͑56͔͒ of fluid-coated plates. The sharp minimum at around 5.2 MHz is apparently unaffected by the changing fluid-thickness. This interesting feature is retained even for thin coatings of very high viscosity. Figure 6 shows the normalized viscosityinduced attenuation (␣ ) versus frequency for the lowestorder symmetric mode in a 1-mm-thick SiC plate coated with 10-m-thick fluid layers of different viscosities. Again, in order to bring out the universal low-frequency asymptotic behavior of the attenuation curves ͓see Eq. ͑56͔͒, the attenuation was normalized, but this time by multiplying it with the viscosity. It is somewhat surprising that, in contrast with immersion in an infinite fluid bath, for a thin coating the viscosity-induced attenuation decreases with increasing viscosity. The reason for this is that, in the case of a thin coating, increasing viscosity assures that the whole fluid layer moves in union with the plate. In this way, the fluid coating represents a significant mass loading but essentially no friction losses occur.
The above results suggest that the observed minimum in the viscosity-induced attenuation of the fundamental symmetric Lamb mode must be associated with the changing vibration pattern of the lowest-order longitudinal mode in that particular frequency region. At very low frequencies, the surface vibration of this mode is essentially linearly polarized in the propagation direction, i.e., there is but a negligible normal vibration component at the surface with respect to the tangential one. As the frequency increases, the socalled Poisson effect produces more and more transverse motion ͑i.e., perpendicular to the propagation direction͒ and the surface vibration becomes elliptically polarized with clockwise rotation. At very high frequencies, the same mode asymptotically approaches a Rayleigh-type surface mode that also exhibits elliptical surface vibration polarization but with counterclockwise rotation. Obviously, there must be a point in the transition region where the surface vibration polarization becomes purely linearly polarized in the transverse direction. At that particular frequency, there is only normal surface vibration as the tangential component completely vanishes. This disappearance of the tangential vibration component and the associated minimum in the viscosity-induced attenuation coefficient has been previously observed in the fundamental axi-symmetric mode of a cylindrical rod. 6 The ratio of the tangential and normal vibration amplitudes at the surface can be written as follows
where Q denotes the characteristic matrix previously given in Eq. ͑30͒. Pure normal polarization occurs when the numerator sk t 2 cosh sa cosh qa vanishes. Since kϾk l , q is always real and cosh qa never vanishes. On the other hand, kϽk s except for very high frequencies therefore s is pure imaginary. As a result, cosh sa vanishes when saϭi/2, i.e., when the wave number reaches a given value of
Combined with the dispersion relation k(), Eq. ͑58͒ represents an implicit equation for the frequency where the viscosity-induced attenuation exhibits a sharp minimum due to the disappearance of the tangential surface vibration component. Figure 7 shows the ratio of the tangential and normal surface vibration amplitudes as a function of frequency for a 1-mm-thick free SiC plate. This ratio is pure imaginary at all frequencies, which results in the previously mentioned elliptical polarization. The tangential surface vibration vanishes exactly at the location of the previously observed minimum of the viscosity induced attenuation, i.e., at 5.2 MHz. It should be mentioned that Zhu and Wu recently reported the presence of apparently similar sharp minima in the viscosity-induced attenuation spectra of fluid-coated plates, 4 but those minima are associated with resonance vibrations of the fluid layer and the resonance frequencies are determined by the thickness and material properties of the fluid rather than by those of the solid. We have also observed such resonance behavior when the thickness of the fluid coating is neither very large nor very small with respect to the plate thickness, however, the discussion of these coupled resonances is beyond the scope of this paper. Figure 8 shows the normalized ''viscosity-induced'' at-
) as a function of frequency for the lowest order antisymmetric mode in a 1-mm-thick immersed SiC plate. Again, in order to bring out the universal lowfrequency asymptotic behavior of the attenuation curves, the attenuation was normalized to the square root of viscosity. Due to the large transverse vibration produced by this fundamental flexural mode, there is a large radiation loss that is actually slightly reduced by the viscous friction between the plate and the fluid. The reduced radiation loss more than compensates for the dissipative loss so that the ''viscosityinduced'' attenuation is negative below approximately 2 MHz. At higher frequencies, the dissipative nature of the viscosity starts to dominate and the ''viscosity-induced'' attenuation becomes positive. Figure 9 shows the viscosityinduced attenuation as a function of frequency for the lowest-order antisymmetric mode in a 1-mm-thick SiC plate coated with fluid layers of different thicknesses between 3 m and 20 m for a given viscosity of ϭ0.1 kg/ms. As we pointed out in connection with the fundamental symmetric mode, the frequency dependence under 2 MHz smoothly changes from the square-root behavior of immersed plates to the square behavior of fluid-coated plates as the coating thickness decreases. Clearly, the viscosity-induced attenuation is a rather complex but not very sensitive function of the coating thickness.
IV. CONCLUSIONS
In this paper we described an analytical technique to estimate the effect of viscous fluid loading on the propagation properties of Lamb waves in submerged and fluidcoated plates. To this goal, we further developed Zhu and Wu's recently published method by removing certain inconsistencies that unnecessarily reduced the accuracy and range of validity of their results. According to their approach, we modeled the viscous fluid as a hypothetical isotropic solid having rigidity c 55 ϭϪi, where denotes the viscosity of the fluid and is the angular frequency. In addition, we adopted the so-called Stokes model for viscous fluids by choosing c 11 Ј ϭ f Ϫ(4/3)i and c 13 Ј ϭ f ϩ(2/3)i; this also leads to dispersive and attenuative effects in the longitudinal bulk wave behavior in accordance with classical theories. By properly accounting for viscous effects on the bulk compressional wave in the fluid and applying a rigorous treatment of the field equations and boundary conditions, we derived exact dispersion equations that are not limited to low frequencies and viscosities. We presented numerous examples of our results to illustrate the effect of fluid viscosity on the lowest-order symmetric and antisymmetric Lamb modes.
We found that the effect of viscosity on the phase velocity of the Lamb modes is usually negligible with respect to the effect on attenuation. In the case of plates coated with a finite-thickness fluid layer the Lamb modes are not leaky and viscosity is the sole source of attenuation. In the case of plates immersed in an infinite fluid bath the Lamb modes become leaky and the attenuation caused by fluid loading is due to the combined effects of radiation losses due to energy leakage into the fluid and dissipative losses due to viscous friction at the interfaces. Since we could not separately calculate the viscosity-induced part of the attenuation, we defined it as the difference between the respective attenuation coefficients caused by immersion in otherwise identical viscous and viscosity free fluids. However, strong viscosity can significantly affect the phase velocity and vibration distribution of a certain mode thereby slightly changes the radiation loss itself. We found that in some cases the resulting relatively small drop in the very strong radiation loss can overshadow the additional viscous dissipation and the total attenuation is actually lower for the viscous fluid than for the viscosity free one.
2 One interesting feature revealed by our calculations is the presence of a sharp minimum in the viscosity-induced attenuation of the lowest-order symmetric mode of thin plates either immersed in or coated with a viscous fluid. We showed that this minimum occurs at a particular frequency, where the otherwise elliptical polarization of the surface vibration becomes linearly polarized in the normal direction.
